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SUMMARY

An investifFation has been made of the cooling charac-
teristics of a,Fratt & Waltney R-2300 engine &s installed
In an NACA shoru-nose hich-inlst-veloclity cowling (tle
IaCA Dg cowling). The t3stas were made 1n tke LMAL 16-foot
high-spead tunnsl of a stub wing and nacelle comblnatlon.,

The internal asrodynamrlcs of the cowling vore studled
for rangas of orcpeller-advence ratio and inlet-veloeclty
ratio obtalned by the deflectlon of the cowlling flaps.

The suglne-cooling tosts lncluded varlatlons of enzine
powoer, fusl-alr ratlio, and coollng=-alr pressure drop.

The snglne-cooling data have bean presontad in the
form of the NACA engine-coollag. correlation curves, and -
an 1llustrative example of the use of these curves for
calculation of engine-cooling requirenents in flight is
included, ) _ '

INTRODUCTION

The purpose of the present 1nvestlgation was to
establish the cooling characteristics of a Pratt & Whitney
R-2800-E engine as installed in an NACA short-nose high-
inlet-velocity cowling (the:NaCA Dg cowling). For the -
testa the engine .was mounted on a stub wing and enclosed-
by the NaCA DS cowling and. & nacelles, . is cowling was.
developed from the NACA C cowling, dedcribed in reference 1,
to provlide a lowsr-drap installation, higher pressure
recovery at the front face of the enzine, and a highsr
critical Mach nunmber. The engine-cooling tests were con-
ducted in the LMAL 1l6-foot hilzh-speed tunnsl,
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The engine was operatsd over a range of power up to
rated powsr. The effects of varlatlon of coolling-alr
pressure drop and fuel-alr ratlo upon sngine temperatures
were measured. The date are przsentad in a form such
that, for a glven set of flight and engine-operating con-
ditions, the sverage and maxlmum cylinder temperatures
msy be readlly obtalned.

DESCRIPTION OF MODEL AND AFPARATUS

The model, a full-scale stub wing and nacelle, 1s
shown in figure 1 mounted ln the test sectlion of the ILMAL
16-foot high~-speed tunnel.

The power plant 1s a Pratt & Whitney R-2800 A-series
engine converted to a B-series, which has a normal rating
of 1600 horsepowsr at 2400 rpm. This engine, an 18-
cylindsr, two-row, radial, alr-cooled type, is equipped
with a sinqle-stape, two-spned, geer-driven supercharger.
The supercharger gear ratlos are 7.6:1 for low blower and
9.9:1 for high blower. For thils particular englne, only
*the low blower could be usead. The propeller drive, a
2:1 ratlo reductlion goar, ilncorporates ths atandard Prati
& Whltney torque meter, which measurss the reaction from
the propellsr reduction gears. The engline ls egquipoed
with a Stromberg PT-13Gl Injectlion-type carburetor,

The propeller 1ls a controllable three-blade Hamilton
Standard propeller A6257A-6 with a dilameter of 12 feet
7 1nches. The cuffs on this propeller had previously
been trimmed for a larger splnner than was used 1n the
present tests. The excess clearunce between cuff end
and splnner surface was therefore reduced by balsa-wood
falrings held in place by doped fabric.

The general shapas end coordinates of the short-
diffuser cowllng are given in figures 1 and 2. The
cowling exit flaps controlling the engine coollng-alr
flow oxtend around the periphery of the cowling except
for a short distance at the top where ths carburetor
duct blocks the exlt. The individual exhaust stacks
terminate at the cowling exit slot as shown in figure 2.
A callbration of the exlt arsa of the cowling, wlth
allowance for these stacks and the carburetor duct, 1s
presented 1n figure 3.
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™ In-addition:to the usual-engine-instruments, pro-
visions were made for measuring the fuel flow, welght
flow of englne charge alr, cylinder temperatures, weight
flow of coonling air, and engine cooling-air pressure
drop.

The fuel flow wus measured by both a calibrated
rotamster and a weligh tank. The welght flow of charge
alr was measurod by a calibrated venturl in an auxiliary
charge-alr duct. The conventional charge-alr scoop
was blocked off, and the auxillary duct brought the
engine charge air from out of doors through the venturi,
thence through the vertical duct shown in figures 1 and
2 to the carburetor tor deck. In this way not only was
meoasurement of the charge air faecllitated, but also the
danger of engine detoration was mlnimlzed because the
warm air from the wind-tunnel stream was not used 1ln the
engina, Pulsatlon from the propeller was avolded; and,
becauae the total pressurs of both the wind-tunnel stream
and the outside ailr was atmospheric, pressure at the car-
buretor deck was not sacrificed.

Temperaturss were measured by callbrated lron=-
constantan thermocoupnles and ware recorded on a Leeds &
Northrup Spesdomax. The cylinder temperatures were
measured at the rear spark plug und at ths base of all
cylinders. The tempcratures at the spark rlug were
measured by gasket-type thormocourles and hy a thermo-
couvls embedded in each rear snark-plug boss (fig. 4).
The base thermocouples were embedded in the rear of the
base flange. The temperature of the englne charge alr
was measured at the top deck of the carburetor.

The welght flow of the englne cooling alr was
messured by the four shielded total-pressure rakes and
the surface static orifices in the cowling entrance (fig.
5)e The pressure tubes for measurlng the engine
cooling-alr pressures were located as shown in figures 6
to 8. Front pressures 1ln the baffle entrance of the
front cylinders wers measured on only one side because
the other baffle entrance was in the wake of a push rod,
a8 shown in flgure 7.

The gasollne used throughout the tests met the Army-
Navy specilfications. This fuel 1s a blue, leaded gaso-
line, which has an antiknock rating of 100 octans and a
calorific value of not less than 18,700 Btu per pound.
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SYMBOLS
P pressure referenced to free-stream statle pressure,
pounds per square foot
p mass denslty of alr, slugs per cublc foot
\' veloclty, feet per second
qe Impact pressure, compressible dynamlc pressure,
: 2
nounds per square foot (F -Eg_)
. c M2 4
- o ]
Fe compressibllity factor for alr (i + T + Lﬁ + ...)
M Mach number, the ratlo of &alrspsed to acoustle
veloclty

V/nD propeller-advance ratio

N engine rotational speed, rmm

n preopeller rotational speed, rps

D propsller dlameter, feet

G angle of attack of thrust exls, degrees

CP power coefficient (n=—D5

P power, foot-nounds per sscond

Vl volocity In cowling entrance, feet per second

o . relative density of alr 'Tﬁﬁé?ﬂ§>

Cgq relative density of alr at stagnatlon point (relative

density of cooling air)

Ap cooling-alr pressure drop, pounds per square foot
or lnches of water

Wg walght flow of cooling alr, pounds per hour or
pounds ner second

W welght flow of charge air (without fuel), pounds
per hour or pdunds per second
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. Tg. . . cyllnder-head temperature. (average indicatlon of
18 thormocouples embedded near. rear spark-plug
bossss),
Ty cylinder-base teﬁperature (average indication of
. 1€ thermocguples. embedded in cylinder-base
i flanges), F .
: Ta cooling-air temperature (stagnation-air témper&-
ture in front of englne), '
T8 moan effectlve gas temperaturs, OF
TSb mean effective gas temperature for the éylinder
bases, OF
T8 raference mean effective gas temperature (for 80° P
80 charge-alr temperaturs), ©
Te charge-alr temperature ahead of carburetor, oF
. ¢ epecific heat at constant pressure, Btu psr pound
o P per OF (For ailr, 0.24)

x, ¥, und z exponents assoclated wlth Wo, Wy, and 0OgAp,
respectively

C1s Cg,««+Cq constants

A coefflclsant of friectlon powcr

B coefficlent of blower power

Cc constant proportlonal to engine dlsplacemsent

g acceleration due to gravity (32. 2 feet per second

per second)
]

Pg sXhaust back pressure at sea level, absolute,
SL inches of mercury

Pe_- exhaust back" prossurﬂ at altitude, absolute, 1inches
alt of msrcury

ASZRODYNAMICS OF COOLIEG-AIR FLOW

1The pressure recoveries at tha various stations with-
in the cowling were determined for the two extreme positions

i
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of the cowling flaps, gaps of 2.5 and 7.2. inches. These
tests were.made at 260 miles per hour, with Cp = 0.20,

V/nD = 1.9, and the thrust axis at zero angle of attack.

The pressure recoverles at varlous statlons through-~
out the cowling are ghown In flgure 9, expressed as
ratios to the compresslble dynamlic pressure. The plotted
values represent the clrcumferentlal averages of the
readings of the dlffuser and individual cylinder pressure
tubes shown 1Iin flgures 5 and 6. The plots of total prea-
sures measured by the cowlinzg-entrance rakes at station A
of figure & show that, contrary to the expected results,
the preszure recoveries are lower for the low-inlet-
veloclty condltion with the cowlling flaps closed than far
the hich-inlet-velocity conditlon with the flaps open.
The propeller blade sectlons 1n front cf the cowllng
opening were apparently stalled for the low=-1inlet-velocity
conditlon because, normally, the hlgher angles of attack
of these propeller sectlons would result in higher pres-
surc recoverica for the low-Inlet~vslcelty condiltlon,

The Tront pressures on the front-row cylinders
are sbout the sams lfor the two cowllng-flap positions,
as shown by curves B of flzgure 9. The radlal distribu-
tion of the totel praessurc over the cylinder s not
vniform. The prosesnre tubes located ocn the barrel
and on the top of the head are out of the blast of
air from the diffuser and, consequently, sive nuch
lower roadings than the ‘.:u.be° on the slde of the head,
which are well centered in the ccolling-alr flow. The
Freasurs recovery on th: front of the rear cylinders
13 less then that on thke front cyllinders and 1is also
mors uvnlformr because of the losces of pressure encounterad
in passing through the spaco betwesen thes front-row
cylinders.

The restrlcted front-cylinder exilt passages betwean.
tha cylinders of the rsar row result in higher positive
prescurss for the flaps clesed and in lower negative pres-
gures for ths flaps open than were recorded for the rear
cylinders., This differsence In rear prsssures tends to
counteract the higher front-cyllnder front pressures and
to equallze the cooling-alr pressure drops across the
two rows of cyllinders, as shown In the following table:
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"-Cooling-alr pressure .drop..
Location of . (percont qg)
pressurs tubes Statlons with cowling flaps sot

2.5 in. '7.2 1n-

Pront bank

Top of head B to C. 43 85_

Hecd B to C 45 93

Barrel B to C 30 69
Foar bank

Top of head D to E 39 95

Head D to I 37 55

Barrel D to B 35 82

I

The pressure drops glven for the cowllng wilth ths flap
open (gap, 7.2 in.) ere orobably larger then would De
cbtalned 1n flight bocause of the greatly lincreassd
blocklng effoct of the extended flaps 1n the tunnel.

The circunferential rresawre distrlbutlion for the
engine 1s shown in figures 10 and 1l. Tl:» front-bank
presaures (iiz, 10) are foirly uniform with thio sxcep-
tlon of the pressures for cylluders 2 and 28 and the
top head tubes fcr the flun-omnun coandition. Tl.e low
pressures on cylindisrs 2 ura 16 are prchably duu elther
to buliss irn ths 1nner cowlinz r1equiiwd to clear tha
distrlbutors or possibly to tae breaklng down of thuo flow
at thls polnt because of the pressnce of the blocked-off
carburetor-duct entrance just above the ton of the
cooling-alr inlet. The pressure dlstribution on the
rear cylinders (fig. .11) was loss uniform for all loca-
tions with the cowling flaps closed (gap, 2.5 1in.),
and with the cowling flaps open the front pressures
varied as much as 0.4q,.

The results of tests to dstermins the effacts of
propeller operation upon the coolling-alr pressure drop .
are shown in flgures 12 and 13. Tho procedure for these
tests was to set the cowllng-sxit flap and to adjust the
propeller for constant sveed and powsr; the wind-tunnel
airspeed was then varied and pressurs measurements -
were taken. through a rangs cf y/nD. This procedure was
followed for tihree cowllng-exit-flap settings and for
thrse values cf propeller powar ccefficlent. The ovar-
81l cooling-air pressure drops given in figurss 12 and 13




8 SEEERMRERE  NAiCA ACR Ho. 14706

ere the reference coolling rpressures used in the follow-
ing sectior on the coollng characteristica cof the evaruce
irstallation. Tr.ese values were ovntelinad fromn the tules
shown In figures 12 and 13 by subtracting {'rom the aver-
age Irent-cylinder total-pressure reading tre averara
statle reading-behind the rear cyvlincers, Coolines =ziudies
for this engline are faclllteted becourse tliere In no Tavis
variation In avalleble pressure drop with either V/iD

or the power cocflficilent Cp.

The irelation of welxat flow cf coclling air to
cooling-alr pressure wr2op ves determined simultaneourly
wlth the pressure-drop teatir. The veight [low of cool-
ing alr was mecsured by the entrence total-prescure reakes
ard stetlec orifices in the cliimser rurfacc. MifFure 14
presents the callbratlon of the total weirhit flow of
cooling air plctted arainst the rres:are dron across the
hases and across the liends, Filrure 14 43 presented Lo
srow the order of marn?! tulde of the ccoolling-alr veight
Tlow rather thail to Jdefino thsolute vslues. The fact
that rather wildely sencratec calirration curves are coh-
tained for the variou~ cowlin~-Flz; porliilonrs nay Indi-
cate that the baffle-presasure cdrop was not a satisfectory
Index for the total welght flow Af cooling alr as nean-~
ured by the entrarce rckes. £3 wlll be shovn later in
thls report, cowling-flep nositlen had no e:'fect on the
englne-cooling correlation bosed cn coclinzg~alr pressure
drop, and for this refson tue coolinz-alr pressare Irop
as mearcured 1s mHelieved to glve a godd Indlecatlion of local
cocling~alr flow by the cylindexrs,

ZICGINZ-CONLING CIMMLTTTATISTYTOR

The results of the englne-conollng tecsts are presonted
In the for:.1 of TUACA englne-cooling correlatlorn curves
(references £ to ¢). Tris method of cecrreleting engine-
ccollng data furnicshen a means of coordinacine engire
temperoaturec with the vearlables trat dotermine engine
cooling, Dy ugse of thir ncthod relatively few but care-
fully controlled teests ure neceds” to establish the engine-
cooling charescteristica. The results of the tests can
be reduced hy the vee of a few simple equaticns and the
ccrrelated data can be rresented us two curves. The cor-
related cdata can tl:en be used to pradict engins temperu-
tures resulting fror arcclfied opurating condltions or to
cetermine operating conditisne regqulirsd to rninintain
specified tenperature linita.
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N Résumé of englne-coollng-correlation principles.-
v THe" principles of enmine~cooling correlation are based on
the fundamental laws of heat trensfer. The development
of a technique for applying these princlples has been
rresented in references 2 to 4. A gereral statement of
the correlatlion principle i1s that the ratio of coollng-
temperature differential to heating-tempereture differ-
entlal is a functlion of a relation between internal flow
of heating fluld and external flow of coollng fluid. ’
This principle 1s expressed symbolically by

Ty - Tg VigY Ve

—_— = 0 —— = Cpy ——— (1)
Ty - T L WgX 2 (g,ap)%

The ACA method of correlating engine-cooling data
1s hased on the concept that the true gas. temperature of
the charge and combustion procducts, which undergoes cyclic
varlation wlthin the cylinder, may be replaced Ly a hypo-
tretical mean effective gas temperature Tg. It has lLeen

found (reference 4) that, of the several factors vhiclh may
affect the mean effective gas temperature 1n engines
operatirg with fixed sparxkx advance, only two vary enough
in nnrmal operation to dermand counslderation. These tvo
factors are trhe fuel-air ratio and the temperature of the
charge before entering the cylinder. A generallzation
of tihese eflfects 1s expressed by
- (]
Tg = Tggo * 47 (2)

where AT8 1s a gas-temperature increment assoclated
wlth 1nlet-charge temperature and where TSBO’ the refer=
ence mean effective gas temperature, 1ls regarded solely

as a function of fuel-alr ratio and must be experimentally

determined along with the other constants established in
- engine-cooling-correlation tests.

The precedent (reference 2) of using 80° F as a
reference temperature Tg for the carburetor inlet alr
is followed here. In the abhsence of a blower the gas-
temperature increment is expressed slimply by

ATS = O.S(Te - 80)

The factor 0.8 1s empirical but has been found satilsfactory.
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When & superchurger 1s emploved.in the englne
Induction gystem, the blower-temperature rice nust be :
incluéed In the gas-temperature increnment. Betimotion -
of the blower-temperaturne riss ls based on ideriifilcction
of plower wori with heat, which 18 in turn lnterrreted
asa alr-teriperalure rise. The followlnz ecouation i=
tased on slmilur analysls given in reference &t

(Elover tin epeed)®
TVBGPg

Blower rlse =

where blower rirce 1s in degrees Fahrenhelt, blover tilp
specd 1s in feet por secord, ara 778 le the mechanlcal
equivalent of heat !n foot-rounds ner Btu. Tr1ls ex-
pression vould be ineppliceble for ccleculating intalte
manifold temperature tut s satisfactory for estimating
gas-iLemprrature increment in vhich the eflect of fuel
evaporacior. 1z eccounted for L7 the exper:irentally dc-
terriined variatlon of rean effcctive gas tempereture with
fuel-elr reatlo. The corpplet~. expression for ges-
temperature Increment becores

* Q'I'I ‘:-'
(Mion tin speed) | (3)

1780p_, _

ATy = 0.8 {Te - 87 +

For the present tests, equctlion () hecomcs

I.ow tlower
”—oe[: 80 + 22(—2 Y
e T e T “\100())

Figh blower

! T \2
m_ = T, - N
ATg = 0.8/Tg - 80 + 37 0(;0001 l

Correlatlor rrocecure.- The values of the exponents
x, y, 8nd & 1n oquation (i) are deterndned from cconstruce
tisn curves, which are plo*ts in lorarltimic coordlnates
of the ratio of temperature dififercntlals agalnsat the
assoclated varieble iig, Vig, or CgAr. Dava Tor these

plote are obtalned fiom tests mede in accordance with a
test program of whilch tke following 1is tynical:
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_ { Type Charge-air Fuel-alr Cooling-alr Purpose of
I of™~=| flow-.--~t .  .ratlo .| pressure _Ytost
test (1b/hr) - drop
. (in. water)
o 75750 0.08 L
3 7,750 .08 32 £, |4
od 7,750 .08 29 E.pn ~
a 8 2 g 4
20 7750 .0 ° 39
-l g 7,750 .08 1 .'u-; g ﬁ g'
y@ 7,750 .00 15 do.l oe
>0 7,750 .08 12. oo 55
B 75750 .08 10 & na
i
o 000 0.08 1L.2 | 28
3%, 21000 .08 1.2 el B -
@ B ,000 .08 1h.2 o gf o
ol ,000 .08 ik.2 veel o
3o 9,000 .08 .2 SEel #
11,000 0.055
.y LL:OOO .0 2 & E S éﬁﬁ
. . o0 - m O 1 O @
e L.,000 .065 2 &) o oL E K
= 8,000 070 a5 2883
ol 2 ’ ’ s HogoanH
Hod €,000 075 5 a0 ppcmwg'&'
ga H 8,000 . 090 =438 v @K cob
12,000 .100 25° N B
12,209 112 » SSpEnes

During the test in whlclh only the coolling-alr pres-
sure drop was varied as wsll as the test in which only
the charge-alr flow was varied, the fuel- air ratio was
held as nearly as possible constant at 0.00. At this.
value of fuel=-alr ratio, the datum mean effectlive gas
temperature T880 1s established by reference 2 as equal

to 1150° F for the heads and 600° F for the bases. The
mean effective gas temperature was then computed by use
of the following equatlions, which were derlived from equa-
tions. (2) and (3):

For the heads,

Tg 1150 '+ 0.8 [ ﬁo + 22(00()]
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and, for the bases,

-

. 1
N
= - 2
Tg 600 + 0.8 LTe 80 + 2(1000)]

Only low-blower tests werse used to establish the correla-
tion and all the quantltles pertinent to the correlatlon
were measured after the engilne temperatures had tecome
stabilized. .

411 the engine-cooling correlation test data areo.
pressnted in tables I to III. A typical construction
curve used to obtain the exponent that goverms the effect
of pressure drop on englne coollng 1s shown-in figure 1S5.
The data for figure 15 ware obtained from teats 240 and
241 and are glven in tables I and II. Figure 15 1s a
rlot of the .ratio of temporature differentlials for tests
In which the cooling-air pressure drop was varied sys-
tematically and the engine charges alr wis held practically
constant at 7760 pounds per hour, Figure 15 1s there-
fcrs a graph of equation (1) in the following form:

T, - Ty

T, =T, = Cz(%atp)*?
The slops of the curve 1s -z Prom figure 15, z = 0,321,

The corstructlion curvc used to obtaln the exponent
that poverns thae effect of charge-air flow on vnglne tem-
perature 1s shown 1n figure 16. Thils curve 1s & plot of
the ratlo of temperature diffsrentlals for tests 1n which
the engline charge air was verisd systematicallv and the-
cooling-air pressure drop was held oractlcally constant
at 14.2 inclkes of water. Figure 16 1s therefore a graph
of equation (1) in the following form: .

Th -7 ¥
T-T = Oy We
24 h
The slope of the curve 1ls y. From figure 16, v = 0.565.

Ry plotting the ratio of tempsraturs differentials
agalnst WaY/?/baAp, all the data used in fixing ths

constructlion curves were nlotted on =« single curve repre-
senting the following form cf equation (1):
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T, - T " WY wy/"‘ 60521
a _ e e
e = G . =6\ = 045 50
Tg = Th . Ogdp™" aAP aAp

This expression 1s an englne-cooling correlation equation
based on cooling-alir pressure drop and 1s plotted 1in
figure 17. The value of the constant Cp = 0,560 was
determined from this graph.

»
The varlatlion of reference mean effective gas tem-
perature T38 with fuel-alr ratio (fig. 18) was deter=-

mined by tests 242 and 2}l (table II) after the corrsla-
tion line had been established, In this case the charge-
alr flow and cooling-alr pressure drop were measured and
thelr respectlve exponents were lknown for each test point.

The correlation abscilssa WQY/i/GaAp was computed and the

corresponding value of the ratio of temperature differ-
entlals (ordinate) was read from the correlation curve of
figure 17. The temperatures Tp and Tg were measured.

The computation of Tg Wwas then accomplished by

o = Th(1l + Ordinate) -~ T,
g~ Oordinate

The reference mosan effectlve gas temperature obtalned by
use of equations (2) and (3) 1s

This plot of TSSO against fuel-zir ratio (filg. 18) is
essential to general avnplication of the correlation curve.

An englne-cooling correlation based on the weight
flow of cooling alr 1s estadblisned by e procedure slimllar
to that followed for tlie correlation based on cooling-alr
pressure drop. Data from the same tests have been used
for both correlations. The construction curve for the
corralatlion based on welght flow of coolling alr 1s pre-
sented in figure 19. Curves are shown for cowling flaps
open and closed. Flgure 19 18 a plot of the ratio of
temperature differentials for tests in which the cooling-
alr flow (pressure drop) was varied systematically while
the churge=-alr flow was held practically constant at
7750 pounds per hour; figure 19 1s therefors a graph of
equation (1) in the following form:
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a 8 - g -X
T = Ty, - Cs W
g - 5 7a
The slope of the cuvwves 1ls -x. From figure 19, x = 0.642.

By 0¢ott i, the »atio of tempoarature diliffcrentials
againet WX ‘ﬁﬁe all +tlie data used in fixing the con-
stractlon cvrves warc rlotted on a asingls curve, for &
slingle cowllng-rlap position, rerresentlag the lTollowilng
form of 9quetion (1):

- WY w. /T f
Th & _ o, Vol _ CG( a8’ _

Tg = Tn © W~ U8\ g

This expression 1s an englne-coclinr correlation equation
basad on the welght flcw of conlinz air and 1s nlottsd In
figure 29, Values of tha constant deteavmined from flig-
ure 20 are: Cg = 2.35 for the cowling flars closszd and
Ce = .61 for flers open, The curve c¢f reference mean
effective ras temperuturs (f1lg. 1€),sstablished ty means
of tlie correlatlen based on pressures dropn, 1s also used
with the correlation based con welght flow.

/W 1. J_4)-0.565
Col ——

\we

nesulits.- All the graphlecal matter osrtelning to
the sigzlins coolirg 1s prssehtsd in [fguraes 15 to Z1l.
The nreparation end uge of fizures 15 to 2C, whichk deal
with ttrs sngins-cocling correlatica for the cylindar
heads, bhave bson desecribsd In the section on correla-
tion »nrocedura. In figars 21 ths hohicst tenwneratures
Indicated by rear sverl-vlug-gaslizet thsrmorcounlas, acs
well us hnttest head-enbadded thormocounles, ard comparad
with the average of s£ll head-emleddad-theirocounls “em=-
peratures. T cata usad for »lottlup figure 21 ware
obtalned sinultaneously with the correlation daita. Fiv:}
can ve ssen 1n figure 21, the relation of hotteszt to
average termperature 1s deperdeant on the snginoe powsr.
The rslation 1S not Girect, however, for, a«t some angirne
power3 in sxcess of 1100 horsspowsr, ihs terperature ,
divergence was less thun the maxirmun erinated wr flg
ure 21. It 1s helleved that the hottest tﬂqbordfure
indlcated by flgure 21 for a fiven averags temperature
will not be exc3edsd in practice.

Graphs, similar to those by wkich the cooling
characteristics of th2 cylincdésar leads havs been presented
in flgures 15 to 21, are given for the cylinder bases in
figures 22 to 28, Data for tho Lases ars given 1n
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table III. Engine spsed had no measurable effect on

---cylinder-head temperatures except through 1ts effect on

the blower-temperature rlse, which was accounted for.
Inasmuch as the heat generated by plston frictlon has
direct effect on the cylinder-base temperatures, the
base temperatures are affected by engine speed. The
effect of englne speed 1a shown 1n flgure 25 by the
displacement of points from the curve of reference mean
effective gas temperature for the bases. Base tempera-
tures at speeds greater than 2120 rpm were greater than
indicated by the corrslation curve and, consequently,
the effective pgas temperature was hlgher; the conversge
is true for points at low engine speeds.

Typlcal dlstributions of cylindesr-head and base
temperatures Tor two cowling-exit-flap settlngs are
vresented in figure 29. As was found in all tests,
tho front-cylinder heads ran conslderably hottsr than
thke rear-cylinder heads. The dlfference in the tem-
porature readings was somewhat rreater for the embed-
ded thermocouples than for the spark-plug-gasket
thermocouples. The temperatures of the front and

. rear cylinder bases were an-roximately equal. The

variation bctween front-row temperatures wund rear-row
tsmparatvres was less systematic on the cylinder bases
than on th: cylinder neads.

A comparlson of the averags temmerature of the
iroat row of cvlindars with the average temperature of
the rear row of cylinders is shown in figure 20, Com=-
parisons are miade at 80C and 1100 brale horsepowsr both
on the basils of spark-plug-rasket and embedded thermo-
couplas, Figure 30 Indicates that the avorage front-
cyllnder-head temperature was of the order of 50° F
hotter than that of the rear-row cylindsr heads at higher
powars. Determination of ths cause for this temperaturs
diffarencs between front and rear cylinders is beyond the
scopa of thu present paper.

Ystimatlon of charge-air flow.- Ons of the principal
factors involved 1In a coollng corrslation 1a the internal
flow of heating fluid. In internal-ccmbusgstlon snglnes
the flow of heating fluld 1s most directly related to the
charge-alr flow. The correlation method, conaequently,
has been developed with charge-~air flow as & primary
variable. Inesmuch as charge-air flow 1s usually not
specified for varlous englne operating condltions, a
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method for estimatling the charge-alr flow required for
any conditlon of engine-sirplane oneratlion is necessary
in the apnlication of the engine-cooling corralation.

A siniple method for obtaeining a close annroximation
to tie charge-air flow requlred for the oensina has bosn
developed. This moethcd s based on tha assumption that
the velus of chargs-alir flow nor indicated horsenowzr at
a glven value of fuel-alr ratlc is unique. A sinsle
curve (fir., 31) showing varliaticn o’ tha ratio of charge-
air flow Lo 1Indicatad horsopowsar wilth fuel-alr ratio 1s
vsad in conjunctlon with an sxzpression of th3 followlng

type:
iho

. 0
bhp +[“* tE “r‘a{gc\] (1%%6)“ " O(Pesy, ~ Pagy ) (1350)
whers (4)
ihp indicated horssncwer es doefinad by eguation (4)
A coeffici«nt of fristion oower
B cocfflclent of blower powur '
constarnt proportional to erngine disjplacament

Tre ccefflerlent of fricticn movwer A 1In trhe sxiros-
glon for indicated worsapower has bsen comrutad on the
basls that ths e¢nglne frilction, witiout churgs 1r and
blower, a%scrba 1&5 hersaovewer at 2200 rpm. This ncuro
assunes that all ths frictitlon iz lamlnar fluvid iricticn
within the oll film betwoen moving »arts and that the
powsr tharefors veriaes as the syrary of tue 2arine sread.
For this eixfine, therefora,

A = 155‘ .
= 27

The ccefficient ~f Dlower powsr DI was calemlzted
by asgsuriaes a blower-drive efficlency of 87 narcent for
the Dlowar and by squatinz Ylowsr »nowor to the ruto of
enerry Inmut to ths chargdy air (refircncas 5), as follows:

12
_ 1 I:T}I(Inpe'ller diem,)( Howur gear rutlo)|” /I
- Blower. hp = G,87 X 5501 60 B (U E;)

1\7!
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B

A il

_0.0495[ZImpeller diam.)(Blower gear ratioi]
0.0495(0 917 % 7. 6) ’
2.4

The constant C provides for the power increase wlth
altltude due to the decrease in exhaust back pressure.
By allowing a pressure of 70.7 pounds per square foot per
inch of mercury, the power increase 1s

_ 70.7 X Engine dlsplacement -
hp = 2 x 1728 x 60 x 550 (Pesy. ~ Pegys)™
‘C = 0.00062 (Engine displacement)

= 1.735

whoere the englne displacement 1s measured In cublc inches.

The expresslon of 1ndlcated horsepower then becomes

Low blowenr

pace

thp = Thp + |27 + 2-&(%%5)](1-0%5)2 - 1.735(Pegy, = pealt‘)(ré%-o—) (5)

High blower

ihp = bhp + -é7 + L.OE(T‘;SU)](T%U)a _ 1-735(1”031, - Peal-b)éﬁnﬁo:)

The constants given in equations (5) and (6) are not
intended to be used indivlidually for the calculatlon
elther of frictlion and Blower horsepower or of the power
obtaelned from decreased vack pressure, Equation (6)
can be used wilith figure 31 to determlne the engine
charge-air flow wlth satisfactory accuracy. Flgure 31,
which presents 1ndlcated speciflc alr consumptlon as a
unique functlon of fuele-air ratlo, was prepared by use
of equation (5) and the same data (table I, tests 242
end 244) that were used in establishing the curve of
reference mean effective gas temperatures. Data from
other teste are included in figure 31. S

Equations (5) and (6) can be rewritten to furnish a
direct solution for the englne charge-~air flow when used

with figure 31.
SR
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Low blower

N\ :v

We = (7)

2
1 N
Wi " o.ooz4<———6100 )

Hirgh blover

ar

. » o - N *
bhp + 27(1633) - 1-/55(Pe3L - pealt)(lOGU) (8)

¥
——d . - 0.00405
1'7*Lp ; (1000

Wo =

The foregoing nmethod of estimatingy the englne charge-
air flow 1= presented becauso of 1ts simplliclty and te-
cause it glves results ir apsreerent wilth experieace.
Bstimatlon of charge-alr flow for & number of test condi-
tlons, not tabulated in thias report, asgreed with the
measured values within less then 1 rercent difference.
Egtimacion of charge alr at low altltude snould be very
reliable. At very hign altitudes and at high power,
the estimation of ckar"e alr ray not be so relieble; how=-
ever, precictlon by +h‘q method o>f charge air required
for another largs alrecralt englne tested In an altitude
charber et 15,000 feet agreed with the neasured values
(unpublished) within 2 percent. No aktemp% ras becen
made to extend thls rmethod above the critical altitude.

EXAHPLE, ILLUSYRATING T3E OF
EJGIFC-COOLTING CORIELATION

The application of the ecooling correlatlion 15 i1llus-
trated by the solution of a simpls prroblen:

Determine the veriatlion of hottest crlincer-hecad
temperature with cooling-alr pressure drop across the
engine for the engire-airplane comhinaticn dPscribed
herein for the followlng operating conditions Army
summer air, 2000 horsepower, low blower, QVOO rpm, &rd
a ruel-alr ratlo of 0.107. Asrsune low elrspeed - that
is, negligible effcet of alrapeed on coollng-alr tem-
perature.
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(1) BEstimetion of charge alrs
T From flgure 3i, af a fusl-alr ratlo of '0:107,
¥
ihp
Fron equation (7),

= 6.43

2000 + 27(2.7)2

1 2
B3 0.0024(2.7)

W =

15900 1b/hr
4.42 1b/sec

(2) Determination of Tsz

Prorm equations (2) and (3),

Tg = Tgay + 0.8|T so+22(N')2
g - “€30 *Clte T JI0C0
From figure 18, at a fuel=alr ratio of 0.107, read
= 0§
Tpgg = 882° F

For Army summer alr at ssa level,
Te = Tq
= 100° F

Ty = 882 + 0.8[100 - 80 + 22(2.7)2]
= 1026¢° F

(3) Computation of head temperature:
Tn = Ta

e 13

The ratlo of temperature differentiels
the ordinate.

- (Tp X Ordinate) + Ty _ (1026 x_grdinate) + 100 (9)
h 1l + Ordlnate 1l + Ordinate

T

¥

For Army summer alr at sea level,
O':O'a
= 0,922
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The column numboers used in the following table refer

to:

1. Assumed values of ccoling-alr pressure drodn

2. Computed We™"'°/cahD

3. Oréinate from flgure 17

4., Average T (embeodded thermocouples) computed by
equation (9)

5. Hottest read-embedrfed-thermocounle tammperature Irom
colunn 4 ané filgure 21

1 2 3 4 S
AD Ordinate, Hottest head temperature
(in, wel-76 p - T |Averags (°F)
of | "Oagap o N Th ‘
water) Teg = In | (°F) Embedded !Spvark-plug
) gaslkot
6 2.,48C 0,761 500 569 562
12 1.240 608 450 515 493
18 «325 «531 421 483 43
24 .620 «482 202 462 430
30 «4CH »448 | o587 446 417
- {

The calculated hottest cyllinder-head tenperatures, column
5 of tre precedlng table, aie plotted agailast coollng-cin
pressure drop in flgure 32. Thls problem hus besn simrll-
fled by ignoring the adlabatlic termrerature iriss due tn
flight spesd. For avwrlication at raazcnably great air-
speed, account must be taken cf thls adlsbatic temperature
rlse of ths cooling air, which muet b3 cddad to tie src-
cifled alr temperuturs. The onzretlar condltions chnien
for this problem ccrrespond closaly to conditloans that
might oxist at take-ofr, It can be seen from flpurs &2.
that, with a spark-plug-gasket temperature limlt of 500° F,
a mininum pressure drop cf 11 iuches of water is required
for cooling the hottast bhead,

Langley Memorial Aeronsutical Latoratory

Natlonal Advisory Committes for Aeronautics
Langley Fleld, Va.
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NATIONAL ADVISORY
R ” ... TABLEI  ooMMITTEE FOR AERONAUTICS
’ ENGINE~COOLING CORRELATION DATA - QGENERAL :

Engine| Charge- Fuel| Puel- [Carburetor [ g |asm_ |Cooling-
Test|Run| bhp | speed air flow} air |temperature ® € air
(rpm) | flow [Iyhr)|ratio (°P) (CP)|(°p){ flow
(1b/nr) . (1b/sec)
Tests with constant fuel-air ratio

"1 240 | 1 [1100] 2120 | 8oLo | 64O o.oggs 68 96 | 69 | 71.0
240 | 2 f1100f 2120 { 7973 | 646 | .0BlO 70 97 1 T 67.1
21,0 1100( 2120 | 7987 | 64,0 | .0802 71 99 | 72 60.6
240 z 1100{ 2120 | 7937 (| 630 | .0 9% 73 100 | 73 59.7
2lo 2 1100} 2120 | 7803 | 630 | .080 73 101 | 73 2.0
240 1100] 2120 | 7770 | 615 .0788 7 oo | 77 9
210 g 1100} 2120 | 7750 | 613 .0791 g 97 7 37.3
2L0 1100| 2120 | 7790 | 615 | . 590 1 02 0 60.1

2o | 9 |1100| 2120 | 7677 | 6195 .0806 80 99 | 79 k2.

20 110 }1100} 2120 | 7830 | 623 | .0795 80 102 | 79 0.

2o 112 [1100| 2120 | 7855 | 613 .0780 71 91 | 72 60.
2o 113 {1100} 2120 | 77043 | 592 | .0765 0 91 1 L48.5
2Lo |1 {1100} 2120 | 7 93 592 | .0769 7 2 9 L7.7
240 115 |1100] 2120 | 757 565 0746 70 7171 33.3
240 |16 |1r00{ 2120 | 7708 | 603 | .0782 67 91 | 69 7.6
2y | 1 | 600 2120 | Léh7 L7 { 0746 70 84 | 71 L2.9
241 | 2 | Boo} 2120 | 5793 s | .078L 69 85 170 Ly.o
' 2 990 | 2120 013 | 551 | .0785 6 8 70 43,8
2l ﬁ 1200 | 2120 300 {6 .0775 6 8 69 ﬁz.e
241 | 5 | 600{ 2120 | LB13 | 355 | .0769 70 86 | 71 .6

Tests with varying fuel-air ratio

22 {1 | 800} 2120 820 | Lé1 10.0801 7 9 78 -————
2&2 2 1 800} 2120 27 o |42 .o7go g 9 77 .——-
22 800 | 2120 55 0 {394 | .0681 0 9 79 -———-
22 ﬁ 8001 2120 | 5840 | 382 .0653 80 9 79 ——-
22 15 | 8001} 2120 | 6133 | 373 | .060 80 98 9 -———e
242 | 6 | 800 | 2120 | 6740 ? 5 | .0571 81 9 0 ———-
2h2 g 800 | 2120 | 5770 132 | 0748 81 9 80 ————
2)2 800 | 2120 | 5790 | 396 | .0683 82 99 | 81 ———-
22 19 | 8oo | 2120 Z5 0 [390 | .0530 78 99 |77 ———-
22 0o | 800 | 2120 187 | 374 | .0603 77 96 | 77 ———-
242 11 | 800 | 2120 | 5950 7T | <0633 75 9 |75 ==
1 242 |12 { 800 | 2120 | 5727 05 0707 72 92 |73 ———-
; 2L, 11 oo | 2120 0533 113 .1081| 56 9 | 60 ———-
24 12 QLoo [ 2120 (10260 [103 .1011 59 1 |62 -———
2L 14,00 | 2120 | 9853 | 890 { .090L 60 82 |6 ———
2hl, 1110 | 2120 | 769 608 | .0791 61 81 |6 ————
2y 15 fr100 1749 | 760 605 .0733 61 81 |39 Y
24, |16 pojo 2301 7688 | 606 | .07 61 81 {95 ———-
a2yl {7 Rpé630 |2Loo h3117 {1hoo | .1136 61 8% {86 -————
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’

. . NATIONAL ADVISORY
—_— . S . TABIE I  coMMITIEE FOR AERONAUTICS
ENGINE-COOLING CORRELATION DATA - CYLINDER HEADS

. ). 1076
T T Th | Th = Ta wal 14 GpAp | Wg
Test | Run| 880 | & (1nS orf
(°m) | (°®) [ (°P) Tg - We water) | Ta8P
Tests with constant fuel-air ratio
240 1 {11 122 1 0.26l .8 .0 0.096
%ﬁo 2 112& 1212 229 277 5§.6 %2.9 .120
210 1148 { 1220 | 353 293 o7 31.1 131
2l0 1154 | 1227 | 367 .310 Ii8.1 25.6 «157
2Lo 5 {1143 | 1216 ﬁSg 342 Lh.2 19.3 .203
240 6 | 1160 | 1237 | Lo 372 3g.o 13.1 <296
2l,0 g 1155 123] | 437 Ji2 28.8 9.5 .398
240 1&3 123 367 «30 h9-% 30, 126
2lj0 9 |1 122 | o3 .370 35. 1.9 .25
2o | 10 | 1154 | 1233 | 362 «299 9.7 31.1 .12
240 |12 ] 1167 | 1239 | 350 .291 ug.g 31 .126
2o |1 1180 | 1251 | 374 .323 38, 1 .g .197
2o |1 1176 | 12 g 97 «360 38.% 13. 257
240 |15 | 1198 12 121 .39 23. .5 «390
2o | 186 | 1165 | 123] | 296 .36l 38.3 i .260
1 1 | 1198 | 1268 | 338 273 6.2 13, .116
gﬁl 2 1125 1233 536 .539 26.6 13.% .15
2l 1162 | 1232 a a .3&8 38.0 1.2 .22
2h1 1171 | 12Lo i Lo 37 2.1 iy «303
\ 2l 5 | 1176 | 1247 | 337 .276 59.2 1.2 .109
Tests with varylng fuel-air ratio
22 1 | 1142 {1220 | 362 0.309 ———- 1.7 0.159
2li2 2 11183 | 1260 | 368 «3503 - 13.0 .151
2li2 R 1131 1270 { 37h <30 -———- 1.8 .155
22 1186 | 1265 | 373 «30 ——— 1u.g .157
22 5 | 1131 {1210 | 366 .318 ———- 1. 172
2l2 6 |1021 |1101 | 350 <334 -———- 15.0 .201
22 g 1180 | 1260 | 371 .30 -——- 12.3 .15
242 1194 | 1275 | 376 .30 -—— 1h. .15
22 9 26 [1003 | 33L -352 ——-- 14.9 <237
22 110 1108 {1185 |35 .318 -———- 15.1 172
22 |11 {1161 | 1236 | 36 «309 ———- 15.2 «159
2h2 |12 |1182 |1255 {364 .305 -—— 15.1 152
2L 1 880 | 940 | 337 J129 ———a 15.1 1138
2Ll 2 913 975 | 350 430 ———- .2 .uﬁh
2l, R 1048 1111 {382 J112 ——- 1.9 .395
all 1136 {1200 {377 +359 —~———- 15.1" 252
2l 5 (1116 |1155 | 362 .352 - 15.3 .2
2l 6 {1171 1266 |397 .36 -—-- 14.5 «263
24l 7 818 | 90l 356 1199 —~——— 13.9 .701
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NATIONAL ADVISORY
TABLE III cOMMITTEE FOR AERONAUTICS

ENGINE-COOLING GORRELATION DATA - CYLINDER BASES

Tego| T8, | T | To - Ta wgl+13 | 4 ap wol-67
Test | Run 80 T 7 - (in. of 5
°m | (°p) | (°P) g~ *b e water) | CalP
Tests with constant fuel-alir ratlo
240 1 |607 | 671 | 2 T 0.347 60.4 31.6 0.121
210 2 | 596 | 667 |24 .539 56. 27.1 <139
240 599 | 671 | 257 .381 Zo. 22.7 .167
2lo ﬂ 603 | 676 | 263 .392 3.9 18.7 .200
2,0 5 | 596 | 669 253 43 L6.1 .1 .223
2,0 6 |61 682 | 287 4173 28.); 10.4 .3
21,0 g 60 681 | 305 .553 29.7 7.2 .500
2l0 6ol 68% 263 .382 51.3 22.8 .159
20 9 | 503 63 286 .359 35,2 11.7 «303
240 |10 | 602 | 681 | 263 . g 51.2 2.2 .151
20 {12 | 609 | 681 | 253 .37 Zl. 2z, .158
240 |1 61 686 | 268 23 0.l 15. 23]
240 |1 61 683 | 276 Ji52 59.5 10. 329
240 |15 | 62 695 | 294 .516 26.8 7.5 61
240 | 16 | 60 6717 {277 165 39,7 10.7 33l
1 1 |62 6 2 .36 8.1 10.1 .151
gﬁl 2 60? 6%3 252 .Zo% 28.2 10.8 .205
2h1 607 657 250 .ugo 39. 10.9 .279
241 z 611 | 680 | 280 8o 323, 11.0 .367
1 1 5 .381 1. 10. .
2h 5 |61 | 68 248 8 6 6 12
Tests with varying fuel-air ratio
2l2 1 86 | 66l | 260 0.405 ———— 11.1 0.201
2,2 2 210 687 1263 .389 -—-- 12.6 «173
242 601 | 680 | 266 . og -——- 11.1 <199
2l2 593 | 672 | 26l h ———— 11.0 »205
22 5 |57 656 | 262 416 ———— 11.1 .220
252 6 |53 618 | 256 432 ———— 11.2 250
2l2 g 606 | 686 | 266 .01 ———— 11.2 .196
2he | 607 | 688 | 268 403 ———- 11.1 .15
242 9 |507 58% 250 452 -———- 11.1 .29
242 10 {570 6% 257 415 -——— 11. .21
242 |11 591 | 666 | 259 407 ———— 11. .20
80 A0 ———— . .19
242 |12 {607 | 68 260 1,00 11.3 192
2 1 18 8 | 252 .52 —-- 11.7 «51%
2ﬁﬁ 2 gué 238 222 .?a? -—e- 11.h .Soh
24l 58l | 647 {274 .515 ———— 11.L 470
21 ﬁ 610 67% 267 4157 -—w- | 11.6" .307
21, 5 |587 |62 250 151 ———- 11.8 296
2hly 6 |657 | 752 |29% J162 -——- 11.1 .320
aul 7 1516 | 602 | 276 .591 ——— 11.2 . 773

Y

i
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Figure 1.- Wing-nacelle combination in test section of LMAL 16-foot
high-speed tunnel. T
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